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Abstract 
Radioactive wastes can be classified according to their activities and their half-life period: high activity and/or long half-life may 
cause severe hazards to people and environment for thousands and thousands of years. For repositories of such dangerous wastes 
- classified as Category III by Italian law and as High Level Waste (HLW) by IAEA - the geological repository technology is the 
preferred technology. As one can imagine, most of the volume of these wastes are spent nuclear fuel and products of nuclear 
reprocessing plants. To permanently isolate HLW from the biosphere, the segregation of wastes in geological repositories, 
several hundred meters below the surface, is now under way in many countries where large, compact and impermeable 
geological formations, not exposed to the seismic risk, exist. Safety conditions associated with these repositories must be 
guaranteed also in the case that the secular contact of the waste canisters with the groundwater allows the radionuclides to 
migrate to the external environment. 
In the present article the first results of a numerical simulation made using PMWIN (Processing Modflow), one of the most 
complete groundwater simulation codes, are presented to assess the migration process of radionuclides in the far-field of a 
geological repository to study the influence of two important parameters, the distribution coefficient and the hydraulic gradient, 
on the numerical results. 
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Introduction 1.
Radioactive wastes can be classified according to their activities and their “half-life period”. Wastes characterized  
by high activity and/or long half-life, the so called  high-level wastes, HLW, such as spent nuclear fuel, may cause 
severe hazard  to people and environment for  hundreds up to thousands and thousands of years if they if they come 
into contact with the biosphere;  for such a nuclear wastes intense R&D studies are going-on worldwide to define 
correct strategies for disposals. While for low-level waste and some intermediate level wastes near-surface disposals 
are generally foreseen and are in many countries already in operation, for HLW deep burial and geological 
repositories are in progress in many countries. 
Low-level wastes, LLWs,  are generated from hospitals and industry, as well as from nuclear fuel cycles. They 
comprise materials (paper, rags, tools, clothing, filters, etc), which contain small amounts of short-lived radioisotope. 
Hence, they are suitable for shallow land burial (they do not require shielding during handling and transport). They 
comprise about 90% of the volume but only 1% of the radioactivity of all radioactive wastes. 
Intermediate-level wastes (ILWs) contain higher amounts of radioactivity, some of which require shielding. They 
make up about 7% of the volume and 4% of the radioactivity of all radioactive wastes. 
High-level wastes (HLWs) mainly arise from the “burning” of nuclear fuel in a nuclear reactor and contain all the 
fission products and transuranic elements generated in the reactor core; another part of high-level wastes rises from 
the reprocessing of used fuel since used fuel still contains a significant amount of fissile products, U-235 as well as 
plutonium created during the “burning”. Reprocessing is carried out in some countries to separate uranium and 
plutonium that can be recycled for re-use as MOX fuel. HLWs account for over 95% of the total radioactivity but 
represent only a few percent of the total volume of radioactive wastes. 
HLWs, in addition to being highly radioactive, produce decay heat therefore require shielding and cooling. 
Because of the decay heat a first interim storage is generally foreseen (wet and/or dry) for some decades; after that, 
HLWs are ready for the final disposal. In the case of some spent fuel is reprocessed, the final disposal will have a 
smaller size, but it must anyhow fulfill the requirements for. .Before going to storage HLWs have to be reprocessed 
to guarantee the immobilization of  radioactive elements and assure no significant releases from the containments to 
biosphere over thousands of years. For this scope a multiple barrier criterion is planned worldwide. The main 
barriers are: 
• an insoluble matrix (typically  borosilicate glass)  in which wastes are chemically immobilized (treatment 
and conditioning process of nuclear wastes); 
• a corrosion-resistant container, in stainless steel or copper, to  seal HLWs inside; 
• a deep, stable rock structure in which containers are buried, surrounded and covered by an impermeable 
backfill, such as bentonite clay, to delay contact with groundwater infiltrations. 
The above disposal concept represents the so called “geological repository”. Therefore, a geological repository is 
a nuclear disposal excavated deep within a stable rock layer (typically below 300 m up to 800-1000 m) to create an 
artificial vault  in which waste packages (canisters),  backfilling material and,  mainly, the surrounding rock layers 
represent the engineered barriers  able to isolate radioactive waste from biosphere for thousands and thousands  of 
years.  
The reliability of a geological repository was supported by the experience at Oklo, Africa, where  many tons of 
fission products  were found in a uranium ore vein giving evidence of natural fissions occurred in the vain itself and 
dating 2 billion years ago; in such vains transuranics raising from fission processes remained immobile until today, 
although ground water had obviously penetrated in the uranium vain since 2 billion years ago, and that the fission 
products were not in a chemically inert form (contrary to what HLW from burning nuclear fuel are after treatment 
and conditioning processes). 
Following intense R&D programs, many countries, like Sweden and Finland in Europe, are well advanced in the 
design of geological repositories and in the monitoring of the hydrogeological field of  the  sites under investigation. 
Due to socio-political problems, related to public and political acceptance, no geological repository has been 
implemented until today, with the exception of a a repository for defence-related  transuranics wastes, the Waste 
Isolation Pilot Plant, WIPP, in USA.  
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The geological context 2.
The basic requirement of a waste repository is that the combination of natural and engineered barriers should 
collaborate to control the release of radionuclides to the biosphere. 
The engineered barriers and the closely adjacent rock layers fall within what is commonly termed the “near field”, 
meaning the system which is directly and significantly affected by the excavation and by the presence of the wastes. 
This system lies within the “far field”  which is the geological environment that forms the housing for the repository. 
Far field acts to delay and limit the transportation of the radionuclides  into the geological environment due to the 
progressive degradation of the engineered barriers system.  
 The far-field acts as a physical and chemical buffer to processes  in the near-field, principally by controlling the 
chemical fluxes dominated by the rates of water movement.  
Once radionuclides are mobilized into the far-field, then the two main factors of significance in a safety 
assessment are the length of time for the radionuclides to reach the exit to the biosphere (a well or a fractured zone 
connected to a shallow aquifer) and their concentration. The two above-mentioned factors are controlled by the 
physical and chemical environment and the groundwater regime. The analysis of the physical and chemical 
characteristics of the environment leads to the definition of  geological requirements, referring to the ability of the 
rock to dilute, to disperse the radionuclides in the groundwater and to retard their movements. 
Three principal rock types most adequately fulfill the requirements of a host unit for HLW disposal, namely the 
crystalline rocks (metamorphic rocks such as granite and basalt), the argillaceous rocks (plastic and consolidated 
clays) and the evaporites (salt formations). 
The common features of the crystalline rocks are the low permeability and the low porosity values. They show 
joints and fractures on the scale of tens of meters down to centimeter. Although the contribution of the fractures to 
the porosity of these rocks is small, water flow through these rocks is dominated and controlled by the fractures, in 
terms of their apertures, orientations, numbers, degree of connectivity and so on. Major fractures (faults or crush 
zones), usually present every few hundred meters, are often nearly vertical or horizontal and can be either more or 
less permeable than the surrounding rocks. 
The argillaceous rocks provide a wide variety of environments. Among them the plastic clay at relatively shallow 
depths have negligible permeability, respond to stress without fracturing and act as good sorbing media for leached 
radionuclides, while the harder (generally older) argillaceous rocks behave more like crystalline rocks as they are 
less porous, fractured, with a lower clay mineral content and hence a lower sorption capacity. 
The evaporites are units of soluble salts of Na, Mg, K and Ca. They rarely have fractures and are impermeable. 
Despite their ideal characteristics,  their use for HLW disposal may be not ideal due the frequent and often 
unpredictable occurrences of highly unstable minerals (carnallite) or to their plastic behaviour (halokinesis).  
The basic hydraulic parameters, which are needed for any radionuclide transport model, are the hydraulic 
conductivity and the porosity. For each rock type the range of values is very large and the values are similar. The 
hydraulic conductivity of the crystalline rocks varies between 10-7
 and 10-11 m/s and the one of the argillaceous rocks 
between 10-7 and 10-12 m/s. 
The porosity of crystalline rocks varies between 0.05 and 0.01 reaching very low values like 0.001. Common 
values of the porosity for argillaceous rock is 0.3-0.5, but the effective porosity is much lower, 0.05 or less. 
From the extreme range values it can be seen that within the 3 rock types it is possible to choose values of the 
parameters which will give rise to very slow flow times. The above mentioned parameters can be used to quantify 
the groundwater flow rates and hence the maximum transport rate of the released radionuclides. They do not, 
however, define the path, the path length and the extension of the plume. These problematic features can be 
determined using a transport model.  
The mathematical approach and the code 3.
Nomenclature 
c concentration in the fluid [M/L3]
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ca concentration in the solid matrix 
D dispersion coefficient [L2/T] 
Do diffusion coefficient [L2/T]
h piezometer level [L]
Kij tensor of the hydraulic conductibility  [L/T]
Kd distribution (partition) coefficient [L3//M]
n  porosity 
Q  source term [1/T]
S  specific yield [1/L]
T1/2 half-life of radionuclide [1/T]
v velocity [L/T]
Į dispersivity [L]
ߣ decay constant [1/T]
ȡ  density [M/L3]
A mathematical model is built using PMWIN (Processing Modflow), a modular three-dimensional finite-
difference groundwater model of the U.S. Geological Survey. 
The two main equations solved by the code are the groundwater flow equation and the groundwater transport 
equation. 
The groundwater flow equation is derived from the continuity equation and from Darcy’s equation. If the medium 
is homogeneous and isotropic the groundwater equation can be written as follows: 
డ
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Where i and j are the principal directions, K is the tensor of the hydraulic conductibility, h is the piezometer level, 
S is the specific yield, Q is the source/sink term for a unit volume and a unit time. 
The groundwater transport equation is composed by several terms and can be written as follows: 
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  where C is the concentration, n is the porosity, ȡ is the density, v is the velocity, D is the dispersion coefficient, Ȝ is 
the decay constant, Q is the source /sink term. 
Term  I represents the variation of the concentration of the contaminant with time. 
Term II describes the advective transport, which is due the water flow and depends on the effective velocity of the 
flow (Darcy velocity divided by the porosity). In media where the hydraulic conductivity is high this term represents 
the main component in the transport process. 
Term III represents the process of hydrodynamic dispersion and it is the result of 2 phenomena, the molecular 
diffusion and the mechanical dispersion. 
The molecular diffusion occurs if there is a concentration gradient. This process is irreversible since it is caused 
by the casual movement of ions and molecules. Both mobile and immobile water in the pores are affected by the 
molecular diffusion. In a porous medium the molecular diffusion is described by the Fick’s law as in the free water, 
but instead of the coefficient of molecular diffusion Do (order of magnitude of 10-9 m2/s) a reduced coefficient, 
called effective coefficient, is used. 
The mechanical dispersion is due to three main phenomena related to the friction at the pore walls, to the 
tortuosity of the pathlines and  to the velocity gradients within the pores.  
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For an isotropic medium the components of mechanical dispersion D can be expressed as a function of the water 
velocity v and of 3 parameters, the longitudinal dispersivity ĮL, the transversal dispersivity ĮT, and the vertical 
dispersivity Įv , namely: 
DL= v ĮL                 where ĮL=10% x 
DT= v ĮT   where ĮT=10% ĮL
Dv= v av   where Įv=1% ĮL
and  x is the lenght of the plume. 
Term  IV represents the adsorption. It causes a decrease of the concentration of the radionuclide in the liquid 
phase and the delayed transport of the radionuclide compared to the water flow. If the process of sorption is faster 
than the advective process, equilibrium is reached between the concentration ca in the solid matrix and the 
concentration c in the fluid.  
If the relationship between the two concentration values at equilibrium and at constant temperature is linear, ca
can be expressed as a function of the partition coefficient kd, namely:  
ܿ௔ ൌ ܭௗܿ
 This approach assumes the reversibility of the sorption process and equilibrium conditions and neglects some 
aspects like the influence of the water content in the matrix, the reactions at mineralogical level at the surface of the 
matrix and groundwater chemical variations. This approach corresponds to a simplified concept, but it is often used, 
since it is based on conservative assumptions (in favor of safety).  
Term V in the transport equation represents the decay process and Ȝ is the decay rate. This can be expressed as a 
function of the half-life of the radionuclide T1/2 as  follows (first order kinetics): 
ߣ ൌ ሺ݈݊ʹሻȀ ଵܶȀଶ   
The numerical simulation 4.
The numerical example simulate the migration process of radionuclides (Pu 239) in an  artesian aquifer, 100 m 
thick, homogeneous and hysotrop, confined between two horizontal impermeable layers, deep below the topographic 
level (Fig.1). The groundwater flow is uniform and horizontal.  
A 2-dimensional vertical model has been built. The flow domain is discretized with 100 x 100 cells and each cell 
is 1m x 1m. The thickness of the model is 1m and the cell volume is 1 m3 (Fig.2). 
The flow domain has two horizontal lines as no-boundary flow lines (boundary conditions of the second order) 
since they are impermeable layers. The east and west boundaries are constant head boundaries (boundary condition 
of the first order). The difference in constant hydraulic head between the west boundary and the east boundary 
generates the hydraulic gradient and the advective flow. In Fig.2 the discretization of the flow domain, the inflow 
(blu line) and outflow (green line) boundaries and the location of 4 observation points can be seen. The observations 
Fig. 1. The repository, the geological formation and the groundwater flow (arrows indicate inflow and outflow. 
nearfield
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Fig.2. The numerical model, the discretization of the domain and the location of the 
observation points (the blue line and the green line are constant head boundaries) 
point P2, P3, P4 are 9 m far away from the repository walls, while P1 is located 36 m from the repository wall, 
forward in the flow direction. 
For the numerical example a host unit which fulfills the hydrogeological requirements has been considered. 
In the numerical example the hydraulic conductivity of the aquifer K is 0.05 m/y, the porosity n is  0.1. 
The decay rate Ȝ of Pu 239 is 2.8755 10-5. The repository (20 m long and 10 m high) is simulated as a source with 
constant concentration equal to the maximum concentration at solubility of Pu 239 equal to 0.00024 kg/m3.The 
effective molecular diffusion coefficient is 0.015768 m2/y. The longitudinal dispersivity is assumed to be 2 m and 
the vertical dispersivity 0.02 m. The bulk density of the soil is 1480 kg/m3. 
In order to quantify the opposite effects of the hydraulic gradients in the groundwater regimes and of the 
adsorption in the soil, 4 scenarios are presented, based on 2 values of the hydraulic gradient (i=0.2 and i=0.4) and 2 
values of the partition coefficient (Kd =0.003 m3/kg  and Kd= 0.006 m3/kg), namely: 
Scenario 1:  i=0.2  Kd=0.003  m3/kg  
Scenario 2:  i=0.2  Kd=0.006 m3/kg 
Scenario 3:  i=0.4  Kd=0.003 m3/kg 
Scenario 4:  i=0.4  Kd=0.006 m3/kg 
The solution scheme for the transport simulation is the upstream finite difference method (upstream weighting 
scheme) and the courant number is equal to 0.75. 
The results of the numerical calculations for each scenario are presented in the following figures (Fig.3, Fig. 4 and 
Fig.5). 
In Fig.3 and Fig.4 the spatial distribution of the concentration values at time t=1000 years can be seen on a vertical 
plane around the repository. By the repository there are the maximal values equal to 0.00024 kg/m3. These decrease 
down to 10-14 kg/m3 which correspond to the largest contour drawn on the picture. The contour lines are filled with 
colors to better show the concentration gradients. 
 The numerical results show that in Scenario 3 the plume has the biggest extension and that it “stretches” in the 
longitudinal direction downward and upward the groundwater flow, but in a more significant way in the flow 
direction. Vice versa in Scenario 2 the plume has the smallest extension and it is more round-shaped. 
Comparison of the scenarios also shows that increasing hydraulic gradients produce higher flow velocities, while 
increasing distribution coefficients lead to higher retardation values. The 2 parameters have opposite effects and 
these are of the same magnitude. In fact the 2 other scenarios (Scenario 1 and Scenario 4) lead to very similar (but 
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not identical) results. The vertical dimension of the plume is slightly bigger for the lower hydraulic gradient and the 
lower distribution coefficient. In particular the vertical dimension of the plume is slightly bigger. It is important to 
notice that there is no vertical hydraulic gradient and the vertical dispersivity is only 1% of the longitudinal 
dispersivity. 
Fig.5 shows the concentration values over the total simulation period of 2000 years at the observation points P2, 
P3, P4 (green line for P2, pink line for P3 and brown line for P4). 
In Scenario 3 the concentration values in P2 reach  at t=2000 years  values close  to the maximum concentration 
at solubility.  
In Scenario 1 and 4 the maximum values are 10 times smaller and in Scenario 2 hundred times smaller than in 
Scenario 3. 
It can be seen that the concentration values in P3 and P4 are different from scenario to scenario but very similar to 
each other. The concentration values in P4 upstream are slightly bigger than the concentration values in P3 above the 
repository. The value of the vertical dispersivity plays an important role in the migration of the radionuclides in the 
vertical direction. 
  (a)

b)
Fig. 3. Spatial distribution of the concentration values ranging from 0.00024 kg/m3 to 10-14 kg/m3: 
(a) Scenario 1:  i=0.2 and Kd=0.003 m3/kg;  (b) Scenario 2:  i=0.2 and Kd=0.006 m3/kg 
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 (b) 
Fig. 4. Spatial distribution of the concentration values ranging from 0.00024 kg/m3 to 10-14 kg/m3: 
(a) Scenario 3:  i=0.4 and Kd=0.003 m3/kg;     (b) Scenario 4:  i=0.4 and Kd=0.006 m3/kg 
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Fig.5. Concentration values (kg/m3) with time(years) at the observation points  (P2:green; P3:pink; P4:brown) 
(a) Scenario 1;      (b)   Scenario 2;       (c)    Scenario 3;       (d)    Scenario 4   
F G
D E
Conclusions 5.
Radionuclides can leave the near-field environment by advection, dispersion or diffusion. They may be in 
solution in groundwater, in particulate form (as colloids and suspensions) or sorbed on to other suspended material. 
The special behaviour of many of the significant radionuclides, in particular the actinides, is extremely complex. The 
principal controlling factors are the nature of the geochemical environment and the groundwater regime.  
The selection of three groups, the crystalline rocks, the argillaceous rocks and the evaporites, was made partly 
owing to their ability to host heat-emitting wastes, but chiefly on hydrogeological grounds. It was considered that 
since they all have  low permeability they would have very low flow rates, very small water volumes and water 
velocity.  
Since their identification, several years ago, these three rock families  have dominated the international research 
programmes. 
It was found that the three groups are sufficiently broad categories to encompass almost all formations suitable 
for deep disposals of long-lived wastes. Thus, within these different rock types it is possible to find formations 
which fulfil the needs of a host unit for HLW disposal. 
The task has now become to quantify and to test these largely intuitive notions on specific sites. In particular it 
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has become clear that the properties of the large scale groundwater regime, in which the host unit lies, are as 
important as those of the host rock itself. 
Groundwater regimes result in response of  variations of hydraulic heads  from one point to another. Heads 
differences give rise to hydraulic gradients which dominate water movements. Under natural conditions hydraulic  
head differences are most frequently produced by topographic differences. They also can be produced by the 
presence of heterogeneities such as zones of rock with different hydraulic conductivity or fractured zones.  
Scope of this study has been to quantify the combined effects of the groundwater regime and the geochemical 
environment through the analysis of 4 scenarios which take into account 2 values for the hydraulic gradient and 2 
values for the distribution coefficient.   
The numerical results show that the biggest extension of the plume corresponds to the highest hydraulic gradient 
and to the lowest distribution coefficient and that the plume “stretches” in the longitudinal direction (forward and 
backward). Vice versa the smallest extension of the plume corresponds to the smallest hydraulic gradient and to the 
highest distribution coefficient and in this case the plume is more round-shaped.  
Comparison of the scenarios also shows that the increase of hydraulic gradients produce higher flow velocities, 
while the increase of distribution coefficients lead to higher retardation values. It shows also that there is 
compensation between these two opposite effects: in fact the two scenarios, the one which corresponds to the lowest 
hydraulic gradient and the lowest distribution coefficient and that one which corresponds to the highest gradient and 
the highest distribution coefficient, lead to very similar (but not identical) results. The vertical dimension of the 
plume is slightly bigger for the lowest hydraulic gradient and the lowest distribution coefficient. 
The results have been confirmed by comparing them with the ones derived from a finer grid. 
Thus the model can be applied to more complicated groundwater situations  to assess the migration process of 
radionuclides to the biosphere, with the final aim to evaluate, in a future work, the magnitude of doses to future 
populations.   
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